Study on the Pore Structure of Oil Shale During Low-Temperature Pyrolysis  by Bai, Jingru et al.
 Energy Procedia  17 ( 2012 )  1689 – 1696 
1876-6102 © 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Hainan University.
doi: 10.1016/j.egypro.2012.02.299 
2012 International Conference on Future Electrical Power and Energy Systems 
Study on the Pore Structure of Oil Shale During Low-
Temperature Pyrolysis 
Jingru Bai, Qing Wang 1*, Guojun Jiao 
School of Energy Resource and Mechanical Engineering, Northeast Dianli University,Jilin 132012, China 
Abstract 
In this research, effects of final pyrolysis temperature and heating rates on the pore structure of Huadian oil shale 
were investigated experimentally. The pore structure of raw and semi-coke samples was measured by the method of 
low-temperature adsorption of nitrogen. The obtained adsorption/desorption isotherms of these samples were similar 
and could be categorized as type II isotherms in the IUPAC classification, and all hysteresis loops produced by OS 
and all semi-cokes are very similar to H3 hysteresis loops. Specific surface area was calculated based on BET 
equation, and specific surface area distribution and pore size distribution were calculated by BJH method. The 
analysis results show that final temperature and heating rate are all parameters that influence specific surface area, 
specific pore volume and the development of mesopores. With the final temperature increase, specific surface and 
total pore volume initially decrease, then increase in large scale. Meanwhile the peak near 3nm on specific surface 
area and pore size distribution curves is gradually disappearing, then arise sharply. Lower heating rate favors the 
development of pores, especially 3nm mesopores. With heating rate increase, specific surface area and total pore 
volume decrease, and the peak value on specific surface distribution and pore size distribution curves gradually 
decrease. 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of [name organizer] 
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1.Introduction  
Oil shale (OS), a sedimentary rock, contains organic matter, in the form of kerogen [1]. Oil shale 
reserves are abundant in the world, which can be converted into 475 billion tons of shale oil, equivalent to 
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5.4 times of exploitable resources of crude oil in the world [2]. Therefore, oil shale represents a potential 
energy in present. 
Usually, there are two methods to utilize oil shale: one is to extract shale oil by retorting; the other is to 
burn it directly as feedstock to produce heat or electricity [3]. Now in the world, large amount of oil shale 
is mainly consumed by low-temperature retorting(450-600°C) for shale oil. At present, shale oil is 
produced commercially, in China, Estonia and Brazil. Total annual production of shale oil in the world 
accounts no more than one million tons currently. It is predicted that until 2015, it may reach 3.5 million 
tons [4]. However, spent oil shale (semi-coke, SC) contains high content of phenol and PAH (polycyclic 
aromatic hydrocarbons), which may cause great hazards to environment if it can not be disposed correctly 
[5]. 
Burning semi-coke as feedstock to generate electricity is a good solution, which degrades poisonous 
matter and achieves the goal of recycling utilization of energy embedded in the semi-coke [6].  
Pyrolysis process involves complex physical and chemical reactions. As it is known to us all, pore 
properties directly influence the inward and outward diffusion of oil vapor and gas and the availability of 
reactions within particles. In addition, during the combustion of semi-coke, pore structure influences the 
process of pyrolysis, ignition, combustion, and burnout [7]. The pore property of semi-cokes depends on 
the pyrolysis condition to great extent. Therefore, it is necessary to explore the characteristic of pore 
structure during low-temperature retorting of oil shale systematically. Some researchers have tested pore 
structure of oil shale during combustion or pyrolysis [8-10].  
In this study, the pore structure of Huadian oil shale and its nine semi-coke samples produced at five 
final temperatures and four heating rates, is measured by low-temperature nitrogen adsorption-desorption 
method. Based on the measurement results and the pyrolysis mechanism of oil shale, the evolution 
mechanism of pore structure and the relationship of pore structure and heating rate are discussed. 
2.Experiment 
2.1.Oil shale samples 
In this research, raw oil shale was taken from the 4th layers of Dachengzi mine in Huadian city, China. 
The raw oil shale was dried, crushed and sieved to a particle size range of 1~3 mm using a standard sieve, 
and then stored in a desiccator for use. Sieved oil shale was analyzed based on National Standards of China 
(GB/T 212-2001 and GB/T 476-2001). Analysis results of proximate and ultimate properties are listed in 
Table 1. 
TABLE I. PROXIMATE AND ULTIMATE ANALYSIS OF HUADIAN OIL SHALE, %
Proximate analysis, % Ultimate analysis,% 
Mad 4.46 Cad 30.01 
Vad 37.88 Had  3.69 
Aad 52.60 Nad 1.02 
FCad 5.06 Oad 8.04 
Qar,net(J/g) 13145.21 Sad 0.18 
TABLE II. EFFECTS OF PYROLYSIS CONDITIONS ON YIELDS OF EACH PRODUCTS, %
Retorting condition Oil Water Semi-coke Gas
350°C 1.29 7.00 91.23 0.48
400°C 3.73 7.20 87.09 1.98
450°C 13.32 7.57 73.90 5.22
500°C 18.09 8.63 67.43 5.85
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550°C 17.50 9.00 66.19 7.32
2.5°C/min 17.99 8.89 66.59 6.53
5°C/min 18.10 8.77 66.61 6.53
10°C/min 18.07 8.80 67.13 6.00
20°C/min 17.90 8.79 67.18 6.12
TABLE III. PROXIMATE ANALYSIS OF SC1~SC9
Sample Aad, % Mad, % Vad, % FCad, % Qar,net(J/g)
SC1 55.31 0.78 38.53 5.38 13606.82
SC2 58.54 0.83 34.21 6.42 12703.66
SC3 69.81 1.14 20.88 8.17 6867.51 
SC4 73.48 1.57 17.50 7.45 5170.31 
SC5 74.74 1.97 16.03 7.27 4645.41 
SC6 73.67 1.68 11.56 13.09 4996.15 
SC7 73.41 1.87 17.24 7.48 5007.09 
SC8 73.35 1.92 17.28 7.45 5081.53 
SC9 73.48 1.83 17.30 7.39 5108.35 
2.2.Pyrolysis procedure 
In this research, pyrolysis process was performed on the apparatus, built up according to profession 
standard of China petrochemical industry (SH 0508-1992). To study the effects of final temperature, Oil 
shale was heated up to different temperature (350°Cˈ400°Cˈ450°Cˈ500°Cˈ550°C) with a constant 
heating rate of 10°C/min. And oil shale was heated up to 520°C with different heating rate (2.5°C/min, 
5°C/min, 10°C/min, 20°C/min) to study the effect of heating rate. Yields of different retorting conditions 
are shown in tale2, and the proximate analysis results of obtained semi-cokes are shown in table3. These 
semi-cokes obtained in different conditions are named SC1(350°C), SC2(400°C), SC3(450°C), 
SC4(500°C), SC5(550°C), SC6(2.5°C/min), SC7(5°C/min), SC8(10°C/min), SC9(20°C/min), respectively. 
2.3.Measurement of pore structure 
In this research, low-temperature nitrogen adsorption/ desorption method was used to measure pore 
structure. The measurement was carried out on Gemini 2380 automated surface area and pore size analyzer, 
manufactured by Micromeritics (USA). Samples were degassed at 150°C under a pressure of 0.334MPa for 
2 hours in nitrogen atmosphere to clean the surface of particles. The nitrogen was physically adsorbed into 
a degassed sample at the temperature of liquid nitrogen (77.3K) in the relative pressure P/P0 range of 
0.05~0.986, where P and P0 represent balance pressure and saturation pressure respectively. 
Applying the leaner part (0.05<P/P0<0.25) of the adsorption branch to standard BET equation, specific 
surface area was calculated [11]. The desorption branch of the isotherm was used to calculate pore size 
distribution by BJH method [12].  
3.Results and discussion 
3.1.Analysis of adsorption/desorption isotherms 
The adsorption/desorption isotherms produced by semi-cokes obtained at different final retorting 
temperatures (SC1-SC5) and different heating rates (SC6-SC9), were presented in fig.1 and fig.2 
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respectively. Referring to fig.1 and fig.2, it is clear that raw oil shale and its semi-cokes (SC1-SC9) 
produce similar adsorption/desorption isotherms, taking on an invert “S” shape. All isotherms can be 
classified to type II by BET classification method [14,15], indicating that micropores and mesopores are 
predominant in samples[16]. At the section of low pressure, adsorption isotherm branch prudes slowly, 
transiting from monomolecular to multimolecular layer. At P/P0>0.9, the adsorption quantity increases 
sharply. This is because that capillary condensation takes place in a certain amount of mesopores and 
macropores in samples [7].  
During desorption, desorption isotherm branch detaches with its corresponding adsorption branch, 
forming “hysteresis loop”. The shape of hysteresis loops is similar to H3 hysteresis loops in IUPAC 
classification, showing that the pore shape of these six samples is slit-like [13]. At a relative pressure P/P0,
large detachment of adsorption and desorption, is usually caused by more corresponding pore content [17].  
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Figure 1. Isotherms produced by OS and SC1-SC5 
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Figure 2. Isotherms produced by SC6-SC9 
Detachment extent is becoming smaller with final temperature increase below 400°C, and becoming 
larger above 400°C. This phenomenon shows that during oil shale is heated up from room temperature to 
400°C, pore content is becoming less; however, during 400°C to 550°C, pore content is becoming more. 
Hysteresis loops of SC6㨪SC9 detach in similar scale, showing heating rate has a little influence on the 
pore content. 
3.2.Effect of final retorting temperature on pore structure 
Specific surface area of oil shale and semi-cokes obtained at different temperature was shown in table 4, 
and distribution of specific surface area was presented in fig.3. Table 4 shows that specific surface area 
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initially decreases slightly with temperature, then increase. As is shown in fig.3, from room temperature to 
400°C, surface area decreases gradually mainly resulting from the disappearance of micropores and 
mesopores. It may be interpreted as two possible causes: the formation of some less porous thermoplast, 
and the blockage of micropores due to the deformation and soften of kerogen below 400°C. However, 
specific surface area increase with retorting temperature in the temperature range of 400°C~550°C, 
because all pores are developed, especially great amount of 3nm pores is produced during this temperature 
range. It may be interpreted as the cause that the removal of large amount of kerogen in particles, produces 
lots of new pores and makes some original pore larger.  
Fig.4 shows the relationship between total pore volume and final temperature, and pore size 
distribution of OS and SC1-SC5 is presented in fig.5. During the process of heating up from room 
temperature to 400°C, large amounts of micropores and mesopores are closed gradually, leading to the 
decrease of total pore volume, and pore size distribution becomes uniform. Above 400°C, pore volume 
increases gradually to large extent, attributing to the production of 3nm pores. 
TABLE IV. SPECIFIC SURFACE AREA OF OS AND SC1̚SC5
Samples SBET (m2/g) r Error (m2/g)
OS 9.581 9 0.999 962 6 0.0276 
SC1 5.325 8 0.999 725 3 0.0407 
SC2 4.237 3 0.999 346 6 0.0500 
SC3 10.735 9 0.999 945 0 0.0371 
SC4 30.639 7 0.999 891 7 0.1512 
SC5 48.142 6 0.999 483 9 0.5226 
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Figure 3. Specific surface area distribution of OS and SC1-SC5 
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Figure 4. Changes of total pore volume during oil shale pyrolysis 
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Figure 5. Pore size distribution of OS and SC1-SC5 
3.3.Effect of heating rates 
Table 5 lists the specific surface area of semi-cokes (SC6-SC9) and its calculation errors. When heating 
rate is raised from 2.5°C/min to 20°C/min㧘specific surface area is becoming less to a certain extent. 
Referring to fig.6, a peak near 3nm is found on specific surface area distribution curves of SC6㨪SC9, and 
the peak value decreases with heating rate increase. Therefore, we can deduce that the development of 3nm 
pores is the major factor that influences the variation of specific surface area with heating rate.  
Fig.7 presents the relationship between total pore volume and heating rate, and fig.8 implies the 
influence of heating rate on pore size distribution. With the increase of heating rate, total pore volume is 
gradually becoming larger, and the peak value near 3nm on pore size distribution is decreasing. It has been 
clear that increasing the heating rate from 2.5 to 5°C/min causes a great decrease in total pore volume. 
Further increase of the heating rate caused a slight decrease of total pore volume. 
TABLE V. SPECIFIC SURFACE AREA OF SC6~SC9
Samples SBET (m2/g) r Error (m2/g)
SC6 43.905 3 0.999 684 1 0.371 8 
SC7 39.587 0 0.999 722 1 0.314 0 
SC8 34.985 1 0.999 778 0 0.247 6 
SC9 30.279 5 0.999 825 6 0.189 7 
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Figure 6.  Specific surface area distribution of SC6-SC9 
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Figure 7. Effect of heating rate on total pore volume 
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Figure 8. Pore size distribution of SC6-SC9 
4.Conclusions 
During oil shale pyrolysis, accompanying with complex physical and chemical reactions in oil shale, 
pore structure also undergoes a complex process. Final temperature and heating rate could all influence the 
development of pore structure. 
All isotherms produced by semi-cokes obtained at all operation conditions are similar as whole, and 
can be assigned to type II isotherms, indicating micropores and mesopores are predominant in oil shale and 
semi-coke samples. These hysteresis loops belong to H3 type, showing there is a certain amount of slit-like 
pores in oil shale and semi-cokes. It is observed that there is a peak near 3nm on the pore size distribution 
curves of semi-cokes produced above 450°C. 
Heating oil shale from room temperature to 400°C, the specific surface area and total pore volume 
decrease gradually, and the peak on pore size and specific surface area distribution curves disappear. This 
could be attributed to the blockage of pore mouth and the formation of a less porous thermoplast. In the 
temperature range of 400-550°C, the specific surface area and total pore volume increase to great extent, 
and the peak on pore size distribution curve raises sharply. This is because that large amount of organic 
matter in oil shale is removed gradually with final temperature increase. 
Slower heating rate favors the development of pores, especially 3nm mesopores. With the increase of 
heating rate, specific surface area and total pore volume decrease gradually, and the peak value on pore 
size distribution curves also decrease. It is consider rate that organic matter could not decompose 
completely and may coke on pore wall at higher heating rate, which may lead to the decrease of specific 
surface area and total pore volume. 
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